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Edited by Gianni CesareniAbstract Four sites of the non-homologous region (coding
amino acid residues of 347, 421, 466 and 533) of a gene were
randomly selected for splitting to investigate the function of
b-glucosidase from Agrobacterium tumefaciens in the co-refold-
ing of peptides into the catalytically active enzyme. As a result
of gene splitting, four N- and C-terminal domain peptides were
obtained as insoluble inclusion bodies. No catalytic activity was
observed when these fragments refolded individually. However,
a considerable amount of activity was restored when the two frag-
ments derived from N- and C- terminal peptides were co-refolded
together. The deletion of amino acid residues in the non-homolo-
gous region resulted in a complete loss of enzyme activity, which
suggests that truncation of amino acids in this region strongly af-
fects the co-refolding ability of the enzyme to maintain activity.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Mechanisms by which proteins acquire their speciﬁc, biolog-
ically active, three-dimensional structure are currently studied
by a variety of methods [1]. It is of particular interest to note
the complementation eﬀects obtained when two types of diﬀer-
ent fragments or mutants are mixed together where one repre-
sents the N-terminal region of the polypeptide while the other
contains either a point-mutant, a frame shift, or a deletion
within the C-terminal region [2]. An important approach for
studying the role of domains or sub-domains in protein folding
is to prepare fragments of the polypeptide chain [3]. In
accounting for the folding of proteins, it has been suggested
that distinct regions of the polypeptide chain are able to fold
independently before speciﬁcally interacting with each otherAbbreviations: MOPS, 3-[N-morpholino] propanesulfonic acid; pNP,
p-nitrophenyl; SDS–PAGE, sodium dodecyl sulfate–polyacrylamide
gel electrophoresis
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doi:10.1016/j.febslet.2005.04.065[4]. One way of checking this model is to isolate the polypep-
tide fragment corresponding to such a region and to test
whether this fragment by itself is able to fold into the confor-
mation it adopts in the native protein [5].
Agrobacterium tumefaciens b-glucosidase belongs to the
family 3 glycoside hydrolase. It contains two domains, the
N-terminal domain and C-terminal domain, which are con-
nected by a non-homologous region [6]. This enzyme pos-
sesses wide substrate speciﬁcity, being able to hydrolyze
various aryl-glycosides of monosaccharide, and it exhibits
strong transglycosylation activity toward various primary
alcohols [7]. Several chimeric b-glucosidases were constructed
between b-glucosidases of A. tumefaciens and Cellvibrio gilvus
[8].Chimeric enzymes, which had their junction in the C-termi-
nal, and non-homologous region were expressed as active sol-
uble enzymes in Escherichia coli. However, none of the
chimeric enzymes that had junctions in the N-terminal homol-
ogous region showed activity. To date, little to no work exists
that demonstrates the eﬀect of refolding/fragment complemen-
tation of b-glucosidases on the restoration of its activity. Our
previous study on the construction of deleted mutants showed
that the truncation of amino acids in the non-homologous
region did not aﬀect the catalytic activity of the enzyme b-glu-
cosidase from A. tumefaciens [9]. Because of our previous
results, the present study was undertaken to investigate the
role of the non-homologous region in proper co-refolding to
regain the activity of an enzyme. In this study, we have con-
structed peptides with N- and C-terminal domains of A. tum-
efaciens b-glucosidase. This was accomplished by splitting an
enzyme gene in the non-homologous region at four diﬀerent
sites to study the function of this region with respect to co-
refolding of the b-glucosidase with catalytic activity.2. Materials and methods
2.1. Bacterial strain and plasmids
The plasmid coding b-glucosidase of A. tumefaciens strain B3/73
(GenBank Accession No. M59852) was provided by Dr. L.A. Castle
of Missouri University, USA. pDrive cloning vector was obtained from
Qiagen (Hilden, Germany), and expression vector pET28a (+) was ob-
tained from Novagen (Madison, WI, USA).
2.2. Construction of DNA fragments and over-expression
Plasmid DNA preparation, DNA electrophoresis and other basic
DNA manipulations described in this study were performed as previ-
ously reported [10]. The four sites (coding amino acid residues at 347,
421, 466 and 533) located near or in the non-homologous region were
randomly selected to produce protein fragments. To amplify the
DNA fragments, ﬁve forward and ﬁve reverse primers were designed
based on the nucleotide sequence of A. tumefaciens b-glucosidaseblished by Elsevier B.V. All rights reserved.
Table 1
Sequence of oligoprimers used in the construction of various DNA
fragments
Primer Sequence (5 0–3 0)
1. N-terminal-FWD GCT AGC ATG ATC GAC GAT ATT CTC
2. C-terminal-REV CTC GAG CGG CTC CAT CAC ATG ATC GAC
3. N347-REV AAG CTT CTA GCT TCC TCC GCC CAT GAC
4. 348C-FWD CCA TGG CGC GGA TTG CCG CGC ATT
5. N421-REV AAG CTT CTA AAG ATC GAA CCA GAA GAA
TTC GCC
6. 422C-FWD CCA TGG CGT CCG GCG ACC TTG ATC TC
7. N466-REV AAG CTT CTA CAC CAG TTC GCC GTC CAC GAA
8. 467C-FWD CCA TGG TCG ATG GCT ATG ACG GTT GG
9. N533-REV AAG CTT CTA AAT CCC GGC ATC GCC GAG CGG
10. 534C-FWD CCA TGG CGG AGG CGG TCG AAA CC
Restriction enzyme sites are underlined. Numbers 347, 348, 421, 422,
466, 467, 533 and 534 represent diﬀerent N- and C-terminal fragments
obtained as a result of gene splitting.
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mer for fourN-terminal fragments andprimer 2withXhoI restriction site
was used as the reverse primer for four C-terminal fragments. Primers 3,
5, 7 and 9withHindIII restriction sitewere used as reverse primers forN-
terminal fragments, whereas primers 4, 6, 8 and 10 were used as forward
primers for C-terminal fragments with NcoI restriction site. All eight
DNA fragments were ampliﬁed using PCR consisting of denaturation
at 98 C for 1 min, annealing at 58 C for 1 min and primer extension
at 68 C for 1 kb/min with 20 cycles [10]. DNA sequence of all recombi-
nant genes was conﬁrmed (ABI PRISMe 310 Genetic Analyzer,
Applied Biosystems, CA, USA) using a Big Dye Terminator Cycle
Sequencing Kit (Applied Biosystems). All eight gene fragments were
excised from the pDrive vector with four restriction enzymes (NheI,
HindIII, NcoI and XhoI) and ligated to the pET 28a (+) vector using
High T4 DNA ligase (Toyobo Biochemicals). The fragments were then
transformed into E. coli BL-21 (DE3) cells for over-expression.
2.3. Puriﬁcation of protein fragments
Recombinant N- and C-terminal peptide fragments, consisting of a
tag of six histidine residues at the N-terminus of N-terminal and six
at the C-terminus of C-terminal fragments, were produced as inclusion
bodies, respectively. Inclusion body pellets were solubilized in an 8 M
urea solution containing 50 mMTris/HCl (pH 8.0), 1 mM ethylene dia-
mine tetraacetic acid (EDTA) and reduced for 1 h at room temperature
by adding 0.05% (v/v) 2-mercaptoethanol and then oxidized by the
addition of glutathione (oxidized form) at a concentration of 0.08%
(w/v) for 1 h. The insoluble portion was removed by centrifugation at
15000 · g for 20 min. The denatured fragments were puriﬁed using me-
tal chelate chromatography followed by ion-exchange chromatogra-
phy. The purity of the eluted fractions was assessed with 12% sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE).
2.4. Refolding and co-refolding of fragments by slow dialysis
Each of puriﬁed N- or C-terminal peptide fragments was subjected
to refolding by slow dialysis at 4 C against 50 mM of diﬀerent buﬀers,
Acetate (pH 5.0), Tris/HCl (pH 8.0) or 3-[cyclohexylamino]-1-propane-
sulfonic acid (CAPS) (pH 10.0), containing 0.16% oxidized glutathione
and 8 M urea. The urea concentration was decreased from 8 to 0 M
over 4 days [8]. Enzyme activity during refolding was periodically
checked by mixing the two refolding fractions of N- and C-terminal
peptide fragments. Co-refolding was also carried out by the same
method of refolding, except that the two fragments of N- and C-termi-
nal peptide were mixed prior to the refolding. Enzyme activity in the
co-refolded solution was determined periodically. Native and two co-
refolded enzymes with catalytic activity (N421/422C and N466/422C)
were further puriﬁed by ion exchange chromatography. Purity was
conﬁrmed by SDS–PAGE analysis.
2.5. Enzyme assay
Using pNP-b-D-glucopyranoside as the substrate, b-glucosidase
activity was measured at 30 C by monitoring the amount of p-nitro-
phenyl released at 405 nm. The assay mixture, which consisted of2 mM p-nitrophenyl b-D-glucopyranoside in 50 mM 3-[N-morpholino]
propanesulfonic acid (MOPS) buﬀer (pH 6.5), was incubated with the
enzyme for 10 min in a total volume of 0.5 ml. The reaction was
stopped by the addition of 250 ll of 0.5 M glycine–NaOH (pH 10.3).
One unit of b-glucosidase activity was deﬁned as the amount of enzyme
required to release 1 lmol of p-nitrophenyl per minute under the con-
ditions described above.
2.6. Eﬀect of pH and temperature on enzyme activity and stability
The eﬀect of pH and temperature on activity and stability of the na-
tive and co-refolded enzymes was determined using diﬀerent buﬀers as
described earlier [8,10].
2.7. Kinetic parameters of catalytically active proteins
The kinetic parameters (Km, kcat) of puriﬁed native and co-refolded
enzymes were determined in 50 mM MOPS buﬀer (pH 6.5) with vari-
ous substrates. The rate observed less 10% of the substrate hydrolyzed
was used to calculate the apparent Km and kcat values [10].
2.8. Eﬀect of alcohols on the enzyme activity
To investigate the eﬀect of straight chain alcohols on the catalytic
activity of co-refolded enzymes, transglycosylation activity was mea-
sured and compared with the native enzyme as described earlier [7,10].3. Results and discussion
3.1. Construction and over-expression of plasmids
b-Glucosidases catalyzes the selective cleavage of glucosidic
bonds. This function is pivotal in many crucial biological path-
ways, such as the degradation of structural and storage polysac-
charides, cellular signaling, oncogenesis and host–pathogen
interactions. A. tumefaciens causes crown gall disease in coni-
fers. In this disease, A. tumefaciens b-glucosidase hydrolyzes
coniferin to form coniferyl alcohol, which leads to a virulence
cascade [11]. In the family 3 glycoside hydrolase, barley-b-D-
glucan exohydrolase is the only enzyme whose three-dimen-
sional structure is reported. The enzyme consists of N-terminal
(a/b)8 TIM barrel domain and a C-terminal domain of six-
stranded b sandwich. The non-homologous region, a helix-like
strand of 16 amino acid residues, connects the two domains.
The catalytic center is located in the pocket at the interface of
the two domains. Asp285 in the N-terminal domain acts as a
catalytic nucleophile, while Glu491 in the C-terminal domain
acts as a proton donor [12]. Alignment of the amino acid se-
quences of A. tumefaciens b-glucosidase with several family 3
b-glucosidases has shown that this enzyme consists of three dis-
tinct regions. The non-homologous region of A. tumefaciens
b-glucosidase is quite long (184 amino acid residues) compared
to barley-b-D-glucan exohydrolase. Hence, the N-terminal and
C-terminal homologous regions of this enzyme might corre-
spond to the N-terminal and C-terminal domains of barley
b-D-glucan exohydrolase, catalytic residues were presumed to
be Asp222 (D222, nucleophile/base in N-terminal domain)
and Glu616 (E616, catalytic proton donor in C-terminal
domain) (Fig. 1).
Finding applications for enzymes is dependent on the devel-
opment of novel enzymes with desirable activities and proper-
ties. To this end, construction of novel chimeric enzymes with
enhanced catalytic activities for various industrial applications
has shown great promise. Our previous study on chimeric en-
zymes between A. tumefaciens and C. gilvus b-glucosidases
showed that both N-terminal and C-terminal domains are
quite important in maintaining enzyme activity [6]. However,
our recent study on the construction of deleted mutants of
Fig. 1. The schematic diagram for producing various peptide fragments splits near/in the non-homologous region of A. tumefaciens b-glucosidase.
Numbers 347, 421, 466 and 533 represent the positions of amino acid residues at the splitting sites. D222 and E616 represent two catalytic residues in
N- and C-terminal domains, respectively.
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than 115 amino acids in the non-homologous region did not
aﬀect the catalytic activity of the enzyme [9]. Therefore, we
decided to investigate the role of the non-homologous region
in proper co-refolding for the recovery of an active catalytic
enzyme. To study this, four diﬀerent cleavage sites in this re-
gion were selected in splitting the gene (Fig. 1). As a result,
four peptide fragments (N347, N421, N466 and N533) con-
taining N-terminal domains and four peptide fragments
(348C, 422C, 467C and 534C) containing C-terminal domains
were expressed as inclusion bodies and found to be catalyti-
cally inactive.
3.2. Puriﬁcation and co-refolding of the recombinant peptide
fragments
SDS gel electrophoresis results of the eight-peptide frag-
ments showed good agreement with the molecular mass calcu-
lated by the amino acid composition (data not shown).
Puriﬁed insoluble peptide fragments derived from N-and C-
terminal peptides were mixed, and then each of the sixteen
mixed fragments (Table 2) was subjected for co-refolding by
slow dialysis to obtain catalytically active proteins. Denatur-
ation followed by refolding of proteins from inclusion bodies
is frequently used and the only means by which the protein
activity can be recovered in the native form [13]. The refolding
step was carried out at diﬀerent pH conditions (pH 5.0, 8.0 and
10.0), and the enzyme showed better activity at pH 8.0.
No catalytic activity was observed when each of the eight
fragments refolded individually and mixed. This suggests that
the two domains (N- and C-terminal peptide fragments) do notTable 2
Recovery of the catalytic activity when the two fragments were co-
refoldedhave suﬃcient intrinsic stabilizing interactions to refold com-
pletely by themselves. In contrast to this result, some combina-
tions of the N- and C-terminal domains on co-refolding
produced a catalytically active enzyme. Out of the sixteen com-
binations, all six truncated types did not show enzyme activity.
This result strongly suggest that the deletion of amino acid res-
idues from the non-homologous region aﬀects the co-refolding
ability of the enzyme, and that this region plays an important
role in facilitating the proper co-refolding of the enzyme in vi-
tro to help maintain its enzyme activity. N421/422C (comple-
ment type) and N466/422C (overlapped type with 45 amino
acid residues in excess) showed catalytic activity while three
other complement enzymes (N347/348C, N466/467C and
N533/534C) showed extremely low activity. This might have
been due to the presence of weak bonding between the two
fragments, which made the enzyme unable to refold properly.
Five-overlapped enzymes (N421/348C, N466/348C, N533/
348C, N533/422C and N533/467C) showed very faint activity,
which suggests that overlapping of more than 45 amino acids
might inhibit the folding ability of the enzyme.Fig. 2. Apparent molecular mass of the two co-refolded enzymes
analyzed on an SDS–polyacrylamide gel. Lane 1, 10 kDa protein
markers; lane 2, N421/422C; lane 3, N466/422C.
Fig. 3. Eﬀect of temperature and NaCl on catalytic activity of native and co-refolded enzymes (a) optimum temperature proﬁle (b) thermal stability
and (c) NaCl. The temperature optimum was determined using standard assay at diﬀerent temperatures ranging from 0 to 80 C. For determination
of thermal stability, the enzymes were preincubated for 30 min at various temperatures. The residual activities were then determined using the
standard assay conditions. The eﬀect of NaCl was determined by measuring the enzyme activity in the presence of diﬀerent concentration of NaCl.
Native (d), N421/422C (s) and N466/422C (m).
Fig. 4. Relative rates of the production of p-nitrophenyl from pNP-b-
D-glucopyranoside with native and co-refolded enzymes in the
presence of 20 mM concentrations of various straight chain alcohols
at 30 C. n.s., non signiﬁcant; \\\, signiﬁcantly diﬀerent (P < 0.001)
from the value of native and two co-refolded enzymes. Native ( ),
N421/422C ( ) and N466/422C ( ).
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N421/422C and 12.5% for N466/422C). On SDS–PAGE
analysis, N466/422C showed two bands representing N- and
C-terminal fragments. In the case of N421/422C, two bands
were very close to each other because the N- and C-terminal
fragments were almost the same size (Fig. 2). The apparent
molecular mass of all the fragments was consistent with the
values calculated using the ExPASY ProtoParam tool (http://
us.Expasy.org).
Previous studies on two subunits of tryptophan synthase
showed that the fragments produced by a single site of cleav-
age were able to refold after urea treatment to produce an ac-
tive enzyme with the same amount of a helixes the native
enzyme, but the enzyme that cleaved at more than one site
was not able to refold after urea treatment. It was also ob-
served that there was only a small diﬀerence between the CD
spectra of the two mixed fragments and those of the two indi-
vidual fragments, suggesting that only a small change in sec-
ondary structure or conformation took place after mixing
the two fragments. Thus, the two fragments appeared to fold
independently and may be considered to be independent do-
mains by this criterion [5,13].
3.3. Eﬀect of pH and temperature on enzyme activity
N421/422C and N466/422C exhibited maximum activity at
pH 7.4 and 7.6, respectively, compared to the optimum pH
7.2 of the native enzyme. The pH stability of both nativeand co-refolded enzymes was found to exist in the range of
pH 4.0–10.0, and the pH proﬁle of both the co-refolded
enzymes was almost similar to that of the native enzyme (data
not shown).
Table 3
Kinetic parameters of the native and two co-refolded enzymesa
Substrate Kinetic parameters Native N421/422C N466/422C
pNP-b-D-glucopyranoside Km (mM) 0.012 0.129 0.025
kcat (s
1) 95.4 6.26 4.63
kcat/Km
(mM1 s1)
8000 48.5 185
pNP-b-D-xylopyranoside Km (mM) 0.005 0.023 0.061
kcat (s
1) 28.9 1.59 3.40
kcat/Km
(mM1 s1)
5800 69.1 55.7
aStandard errors are within 10% of the given values.
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was shifted to 50 C, compared to 60 C of the native enzyme
(Fig. 3(a)). Heat stability was decreased to 40 and 35 C,
respectively, compared to 50 C of the native enzyme (Fig.
3(b)). These results together with pH activity proﬁle indicate
that gene splitting at the non-homologous region did not aﬀect
the structure and function of the enzyme. A previous study on
truncated mutants of A. tumefaciens b-glucosidase displayed
similar type of results [9].
3.4. Eﬀect of NaCl and various alcohols on the co-refolded
enzymes
The eﬀect of NaCl on the activity of two co-refolded en-
zymes was determined by measuring the enzyme activity in
the presence of diﬀerent concentration of NaCl. The activity
of the co-refolded enzymes was slightly inhibited around
100 mM. Signiﬁcant inhibition was observed around 1 M of
NaCl (Fig. 3(c)) suggesting that two co-refolded enzymes
might have weaker ionic interactions between N- and C-termi-
nal fragments than the native enzyme [14,15].
It is common for glucosidases to be activated in the presence
of alcohols [7,10], which is largely attributed to transglycosyla-
tion. However, in some cases, this activation has been attrib-
uted to allosteric interaction [16]. To investigate the eﬀect of
straight chain alcohols on the catalytic activity of N421/422C
and N466/422C, transglycosylation activity was measured
and compared with the native enzyme by activating the en-
zymes in the presence of alcohols. The highest rate of release
of pNP was observed in the presence of 20 mM butanol and
pentanol at 30 C, which suggests that the transglycosylation
activity was not aﬀected by splitting the enzyme in the non-
homologous region (Fig. 4).
3.5. Substrate speciﬁcity
The kinetic parameters of the native and co-refolded
enzymes were investigated using various aryl glycosides
as substrates (Table 3). The observed Km values of two
co-refolded enzymes for pNP-b-D-glucopyranoside and
pNP-b-D-xylopyranoside were 2–11 times higher than that
of the native enzyme. Values for kcat of both enzymes
for these two substrates were found to be lower (15–21
folds) than the native enzyme. This suggests that splitting
the enzyme in the non-homologous region signiﬁcantly af-
fected the catalytic eﬃciency of the enzyme. Denaturation
and refolding of two fragments of phosphoribosylanthran-
ilate isomerase also showed increased Km and decreased
kcat values compared to native enzyme [4]. A similar resultwas also observed in chimeric b-glucosidases of A. tum-
efaciens and C. gilvus [6]. Co-refolded enzymes did not
show signiﬁcant activity towards pNP-b-D-fucopyranoside,
pNP-a-L-arabinofuranoside and pNP-b-D-galactopyranoside.
Our previous study on the construction of deleted mutants
showed that the truncation of amino acids in the non-homol-
ogous region did not aﬀect the catalytic activity of the
enzyme since enzyme folding was not disturbed in those
truncated mutants [9]. However, the fragment complementa-
tion in this study conﬁrms that deletion of amino acids in the
non-homologous region strongly aﬀects the co-refolding abil-
ity of enzymes, and that this region plays an important role
in facilitating the proper co-refolding to maintain enzyme
activity.
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